Combining coagulant and ballast to remove cyanobacteria from the water column is a promising restoration technique to mitigate cyanobacterial nuisance in surface waters. The organic, biodegradable polymer chitosan has been promoted as a coagulant and is viewed as non-toxic. In this study, we show that chitosan may rapidly compromise membrane integrity and kill certain cyanobacteria leading to release of cell contents in the water. A strain of Cylindrospermopsis raciborskii and one strain of Planktothrix agardhii were most sensitive. A 1.3 h exposure to a low dose of 0.5 mg l À1 chitosan already almost completely killed these cultures resulting in release of cell contents. After 24 h, reductions in PSII efficiencies of all cyanobacteria tested were observed. EC50 values varied from around 0.5 mg l À1 chitosan for the two sensitive strains, via about 5 mg l À1 chitosan for an Aphanizomenon flos-aquae strain, a toxic P. agardhii strain and two Anabaena cylindrica cultures, to more than 8 mg l À1 chitosan for a Microcystis aeruginosa strain and another A. flos-aquae strain. Differences in sensitivity to chitosan might be related to polymeric substances that surround cyanobacteria. Rapid lysis of toxic strains is likely and when chitosan flocking and sinking of cyanobacteria is considered in lake restoration, flocculation efficacy studies should be complemented with investigation on the effects of chitosan on the cyanobacteria assemblage being targeted.
Introduction
Cyanobacterial blooms are one of the most important water quality issues. Blooms arise when cyanobacteria proliferate to very high densities and/or accumulate at the water surface and lee-side shores in thick scums (Chorus et al., 2000) . High densities of cyanobacteria may be a serious threat to the health of humans and wildlife, because many bloom-forming cyanobacteria may produce potent toxins (Carmichael, 2001; Dittmann and Wiegand, 2006) . These toxins are mostly retained inside the cells (Sivonen and Jones, 1999) and ingestion of substantial amounts of cells may cause animal poisonings when the cells are being lysed in the gastrointestinal tract (e.g. Faassen et al., 2012; Lürling and Faassen, 2013) . Likewise, treatment with algaecides to eradicate blooms from raw drinking water will cause cell lysis and liberate intracellular toxins (Jones and Orr, 1994 ; Jan cula and Mar s alek, 2011; Merel et al., 2013) . Consequently, consumers of that drinking water may be exposed to dissolved cyanotoxins. For instance, treatment of a Microcystis bloom with copper sulphate led to liver damage in consumers in Armidale (Australia) (Falconer et al., 1983) ; an outbreak of hepatoenteritis at Palm Island (Australia) was caused by treating a Cylindrospermopsis raciborskii bloom with copper sulphate (Hawkins et al., 1985) ; boiling water with proliferating Anabaena and Microcystis was the most likely cause of an outbreak of gastroenteritis in the area of the Itaparica Dam (Brazil) that led to some 2000 cases and 88 casualties (Teixeira et al., 2003) , while in Caruaru (Brazil) patients from a haemodialysis clinic presented severe hepatotoxicosis after they had received water contaminated with cyanobacterial hepatotoxins (Azevedo et al., 2002) . Effects from recreational exposures to cyanotoxins are less clear, although ingestion will likely cause similar problems as from contaminated drinking water; several, sometimes anecdotal, cases have reported a variety of effects varying from gastro-intestinal or dermatological complaints to presumed death (Falconer, 1999; Stewart et al., 2006) . Cyanotoxins may also accumulate in the flesh of fish at higher concentrations than the recommended limit for human consumption (Magalhães et al., 2001 ) and in crops via irrigation water (Saqrane and Oudra, 2009 ). Thus, when blooms occur in a surface water they may hamper the use of the water for irrigation, fishing, aquaculture, recreation, industry process water and as source for drinking water, which makes mitigating cyanobacteria nuisance a significant challenge to water quality managers.
Since cyanobacterial blooms are usually result of eutrophication (Smith et al., 1999; Smith and Schindler, 2009) , the first mitigation measure in eutrophic lakes is reducing the external nutrient supply (Cooke et al., 2005; Paerl et al., 2014) . But only a few lakes will respond rapidly to external load reduction, because continuing diffuse and internal loadings will delay recovery for decades to centuries (Søndergaard et al., 1999; Carpenter, 2005; Cooke et al., 2005) . External load control is also not always possible (Huser et al., 2016) , or it is economically not feasible in developing countries because of large upfront investments (van Loosdrecht and Brdjanovic, 2014) . Hence, in the majority of the cases an ongoing cyanobacterial nuisance is expected unless in-lake measures are implemented. In-lake mitigation measures can be applied to complement catchment measures in speeding-up recovery, while in-lake curative measures are the only possibility in controlling cyanobacterial nuisance in the short term when external load reduction has not been achieved.
In-lake interventions should be effective, cheap, easy to apply and safe, which means that unintended side-effects should be kept to the absolute minimum . Consequently, strategies that liberate toxins from the cells are not preferred as management options (Merel et al., 2013) . Thus, common curative interventions using algaecides should be reconsidered, and a promising alternative to algaecides is combining a coagulant and a ballast compound to flock and sink the cyanobacteria as aggregates out of the water column while remaining as intact cells (Pan et al., 2006a,b; Lürling and van Oosterhout, 2013) . In this approach different ballast and coagulant compounds have been used (e,g., Li and Pan, 2015; Lürling and van Oosterhout, 2013; Noyma et al., 2016; Pan et al., 2006a,b; 2011a; Waajen et al., 2016) . Particularly, the organic coagulant chitosan has been promoted in the so-called "modified local soil induced ecological restoration" (MLS-IER) technology (Pan et al., 2011b) and as alternative to poly-aluminium chloride (PAC) (Li and Pan, 2013) . Chitosan is commonly viewed as a non-toxic and eco-friendly coagulant (Renault et al., 2009; Li and Pan, 2013; Yang et al., 2016) , however, it is also well-known for its antibacterial activity (e.g., Kong et al., 2010) . Virtually all experiments on the effects of chitosan on cyanobacteria are restricted to trials with Microcystis aeruginosa (e.g., de Noyma et al., 2016; Pan et al., 2006a Pan et al., , 2006b Pei et al., 2014) . No detrimental effect in short term experiments (1e2 h) on M. aeruginosa has been found (de Miranda et al., forthcoming; Noyma et al., 2016) . In contrast, the first experiments performed with field samples dominated by Cylindrospermopsis raciborskii showed that chitosan caused rapid death of cyanobacteria promoting release of saxitoxins (Miranda et al., forthcoming) . This effect is in line with the antibacterial properties of chitosan that vary with the type of bacteria being exposed Kong et al., 2010) . Inasmuch as chitosan is viewed as a benign coagulant to control cyanobacterial nuisance (Pan et al., 2011b; Li and Pan, 2015) , a thorough investigation on the short-term effect of chitosan on cyanobacteria is warranted to provide insight in possible rapid leakage of cyanobacterial cell constituents into the water. Therefore, in this study we tested the hypothesis that short-term exposure to realistic doses of chitosan, as commonly applied as cyanobacteria removal strategies in lake restoration trials, would cause rapid death of Aphanizomenon flos-aquae, Cylindrospermopsis raciborskii, Planktothrix agardhii and Anabaena cylindrica other than M. aeruginosa.
Materials and methods

Chitosan and cyanobacteria
Chitosan e made of shrimp shells ewas obtained from Polymar Ciência e Nutrição S/A (Cear a, Brazil). We acidified the chitosan prior to using by first adding 100 ml of a 96% acetic acid solution (Merck analytical grade) to 100 mg chitosan in 20 ml milli-Q water, dissolved the chitosan and then diluted it in milli-Q water to 100 ml yielding a stock of 1 g l
À1
. An additional stock of 100 ml of 96% acetic acid in 100 ml milli-Q water was made as control.
In this study, nine different cyanobacterial cultures were used, which were different strains except for Anabaena, where the same strain was obtained from two different culture collections (Table 1) . Cyanobacteria were cultured on a modified WC (Woods Hole modified CHU10)-medium (Lürling and Beekman, 2006) in 250 ml Erlenmeyer flasks that were placed at 22 C and in a 16:8 h lightedark cycle at~45 mmol quanta m À2 s
. Considering the work and time needed, we conducted the tests in two separate experiments under identical conditions, but with different species, whereas an additional assay was run testing for cell viability.
Experiment 1
In the first experiment, aliquots of Aphanizomenon flos-aquae (A. flos-aquae, CCAP 1446/1C and A. flos-aquae SAG 31.87), Cylindrospermopsis raciborskii (C. raciborskii PMC 115.02) and Microcystis aeruginosa (M. aeruginosa MIRF-01) were transferred into 30 ml reaction vessels (polystyrene cups with a polyethylene snap on lid) and diluted with fresh WC medium such that each vessel contained 25 ml of a cyanobacterial suspension. Cyanobacteria bloom concentrations of around 100 mg l À1 chlorophyll-a were used that are commonly found in cyanobacteria dominated systems (Waajen et al., 2014 ) and correspond to a hypertrophic system (cf OECD, 1984) . The effect of chitosan was tested in triplicate in the concentrations 0, 0.5, 1, 2, 4 and 8 mg l
À1
. After chitosan was added to designated reaction vessels, the contents were mixed, and the vessels were placed at 22 C on a laboratory table. For A. flos-aquae CCAP 1446/1C, C. raciborskii PMC 115.02 and M. aeruginosa MIRF-01 an additional series was included with acetic acid added in similar quantities as in the chitosan treatments that served as acetic acid control. After 1.3, 5 and 24 h, samples were taken from each vessel and the chlorophyll-a concentrations and photosystem II (PSII) efficiencies as maximum quantum yield of PSII were measured using a PHYTO-PAM phytoplankton analyser (Heinz Walz GmbH, Effeltrich, Germany). The maximum quantum yield of PSII, further referred to as PSII efficiency, was calculated according to Genty et al. (1989) :
where F 0 is the dark-adapted minimal fluorescence and F m is the maximum fluorescence obtained when all photosynthetic reaction centres are closed with a saturating pulse of light. This photosynthetic yield can be used as an indicator of stress on the photosynthetic apparatus (Parkhill et al., 2001 ) and finds wide application in determining for instance the effect of hydrogen peroxide in killing cyanobacteria (Matthijs et al., 2012) . After 24 h also the pH in each vessel was measured using a WTW Inolab pH 7110 m. In addition, for the C. raciborskii series 2 ml samples were filtered through 0.45 mm unit filters (Aqua 30/0.45CA, Whatman, Germany) and measured on chlorophyll-a concentrations and photosystem II efficiencies.
Experiment 2
In the second experiment, 25 ml suspensions of Planktothrix agardhii (P. agardhii NIVA-CYA116 and P. agardhii NIVA-CYA126) and Anabaena cylindrica (A. cylindrica PCC7122 and A. cylindrica CCAP 1403/2A) were exposed to chitosan in concentrations of 0, 0.5, 1, 2, 4 and 8 mg l
À1
. The experiment was performed similarly to the experiment 1. In addition, after 1.3 h incubation, for the P. agardhii NIVA-CYA116, series 2 ml samples were filtered through 0.45 mm unit filters (Aqua 30/0.45CA, Whatman, Germany) and measured on chlorophyll-a concentrations and photosystem II efficiencies.
Cell membrane permeability
To examine the effect of chitosan on the cell membrane integrity, an experiment was performed with Cylindrospermopsis raciborskii T3 cultures that were either exposed to chitosan (8 mg l À1 )
or left untreated (control). The initial chlorophyll ea concentration was 100 mg l
À1
. After 24 h samples were taken to PSII efficiencies as described before. An aliquot of 15 ml was centrifuged at 5000 Â g per 10 min, whereafter the pellets were incubated with Sytox ® Green (Thermo Fisher Scientific-Cat No. S7020) at a final concentration of 1 nM for 30 min in the dark (Tashyreva et al., 2013) . The dye binds to nucleic acids and is unable to penetrate the membrane of live cells. However, when the membranes are compromised, it easily penetrates the cell yielding a bright green fluorescence indicative of dead cells (Sato et al., 2004) . The Sytox ® Green treated samples were inspected with a fluorescence microscope (ZEISS, Axioimager D2) using the filter long pass for Fluorescein (450e490 for excitation and 515 nm for emission).
Data analysis
Photosystem II efficiencies in the different cyanobacterial strains exposed for 1.3, 5 and 24 h to different concentrations chitosan (0e8 mg l À1 ) were analysed separately by one-way ANOVAs or Kruskal-Wallis One Way Analysis of Variance on Ranks when normality tests failed (Shapiro-Wilk) in the tool pack SigmaPlot 13.0. For each strain the concentration of chitosan that caused a 50% reduction in Photosystem II efficiency compared to PSII efficiency of the control (EC50) were determined by iterative non-linear regression using a four-parameter logistic function in the tool pack SigmaPlot 13.0. Photosystem II efficiencies of cyanobacteria exposed to different concentrations of acetic acid were compared running a Parallel Lines Analysis in SigmaPlot 13.0.
Results
Experiment 1: M. aeruginosa, A. flos-aquae and C. racibroskii
Chitosan caused a rapid increase in chlorophyll-a concentrations measured in C. raciborskii PMC 115.02 cultures after 1.3 h of exposure, but not in both A. flos-aquae strains and in M. aeruginosa (Fig. 1A) . After 5 h, also in the A. flos-aquae CCAP 1446/1C cultures exposed to the highest chitosan measured chlorophyll-a concentrations increased (Fig. 1C ), while this happened for all strains after 24 h of exposure to higher chitosan doses (Fig. 1E ). One-way ANOVA indicated chlorophyll-a concentrations in M. aeruginosa cultures were significantly different (F 5,12 ¼ 14.1; p < 0.001) after 24 h exposure to chitosan, where a Holm-Sidak pairwise multiple comparison revealed that chlorophyll-a concentrations in the 4 and 8 mg chitosan l À1 treatments were significantly higher than those in the 0, 0.5, 1 and 2 mg chitosan l
À1
. Likewise, in A. flos-aquae CCAP 1446/1C (F 5,12 ¼ 4.67; p ¼ 0.013) chlorophyll-a concentrations between 2 and 4 mg chitosan l À1 treatments differed, while in SAG 31.87 (F 5,12 ¼ 45.6; p < 0.001) only in the 8 mg chitosan l À1 treatment significantly higher chlorophyll-a concentrations than those in the other treatments were found. C. raciborskii still remained higher chlorophyll-a concentrations in treatments than in controls (Fig. 1E) and analysis of 0.45 mm filtrate revealed that a large portion was filterable (Fig. 2) indicating cell lysis. Additional proof for cell damage was obtained from the PSII efficiency measurements that already after 1.3 h exposure revealed a strong decrease in C. raciborskii cultures with increasing chitosan dose (Fig. 1B) . The PSII efficiencies were significantly different (Table 2 ) and four homogenous groups were detected: 1) higher PSII-efficiency in the control; 2) significantly lower in the 0.5 mg chitosan l À1 treatment; 3) lower in the 1, 2 and 4 mg chitosan l À1 treatments; and 4) lowest in the 8 mg chitosan l À1 treatment. This remained after 5 h and then also appeared in A. flos-aquae CCAP 1446/1C, where the PSII efficiency in the 8 mg chitosan l À1 treatment was significantly lower than in the rest and in M. aeruginosa were the PSII-efficiencies in the 4 and 8 mg chitosan l À1 treatments were lower (Table 2 ; Fig. 1D ). After 24 h also significantly lower PSII efficiencies (Table 2 ) at higher chitosan doses in A. flos-aquae SAG 31.87 and in M. aeruginosa cultures were found (Fig. 1F) . Only for C. raciborskii at each exposure duration and for A. flosaquae CCAP 1446/1C after 5 and 24 h EC50 values could be (Table 3) .
A Parallel Lines Analysis revealed that the slopes of the PSII efficiencies against the acetic acid concentrations were not different (F 8,36 ¼ 1.66; P ¼ 0.144). The overall regression yielded PSII ¼ 0.419 þ (0.00137 Â acetic acid) with a r 2 ¼ 0.005, which indicates the slope is not different from zero (Supplementary information; Fig. S1 ).
The pH values in the various chitosan treatments after 24 h varied between on average pH 7.21 and pH 7.84, while in the acetic acid control it varied between pH 7.40 and pH 7.94 (Supplementary information, Table S1 ).
3.2. Experiment 2: A. cylindrica and P. agardhii After 1.3 h exposure to chitosan, fluorescenceebased chlorophyll-a concentrations were significantly influenced (Fig. 3A) . A sharp increase was observed in P. agardhii CYA 116 with doses, except 4 and 8 mg l chlorophyll-a concentrations (Fig. 4) , where all treatments differed significantly from each other, but all with zero PSII efficiency (data not shown). Also in the other P. agardhii strain (CYA 126) significant differences in chlorophyll-a concentrations were detected (F 5,12 ¼ 26.3; p < 0.001). Despite smaller than in CYA 116 the increase from on average 43 mg l À1 in controls to 52 and 54 mg l À1 in 4 and 8 mg chitosan l À1 treatments, respectively (Fig. 3A) , was significant due to relative small within group variability. In both Anabaena strains, significant differences were also detected (PCC 7122: H 5 ¼ 12.2; p ¼ 0.032 and CCAP 1403/2A: F 5,12 ¼ 32.9; p < 0.001), where post hoc comparisons revealed that only chlorophyll-a concentrations in the 8 mg chitosan l À1 treatment was significantly higher than in the other treatments. The above observed pattern was similar after 5 h exposure to chitosan, where fluorescenceebased chlorophyll-a concentrations were still significantly influenced (Fig. 3C) . In P. agardhii CYA 116 the controls, 0.5 and 1 mg l À1 treatments were significantly different (F 5,12 ¼ 182.6; p < 0.001) from each other and from the 2, 4 and 8 mg l À1 treatments that formed one homogenous group. In P. agardhii CYA 126, three homogenous groups were found: 1) the controls, 0.5, 1 and 2 mg l À1 treatments, 2) the 2 and 4 mg l À1 treatments, and 3) the 4 and 8 mg l À1 treatments (F 5,12 ¼ 37.4; (Fig. 3C) . Likewise, in the other Anabaena series only the highest chitosan dose was identified as causing significantly increased chlorophyll-a concentrations (F 5,12 ¼ 47.1; p < 0.001).
After 24 h exposure to chitosan, the observed patterns of measured chlorophyll-a concentrations (Fig. 3E) were not that different from those observed after 5 h (Fig. 3C) . In P. agardhii CYA 116, still significant differences were found (F 5,12 ¼ 106.5; p < 0.001) with three homogenous groups: 1) the control and 0.5 treatment; 2) the 1 mg l À1 treatment; and 3) the 2, 4 and 8 mg l À1 treatments.
In P. agardhii CYA 126, the control and the 8 mg l À1 treatment were significantly different from each other (H 5 ¼ 14.1; p ¼ 0.015). In A. cylindrica PCC 7122 the highest chitosan dose caused significantly increased chlorophyll-a concentrations compared to the other treatments (F 5,12 ¼ 15.2; p < 0.001; Fig. 3C ), whereas in the other A. cylindrica series (CCAP 1403/2A) no differences were detected anymore (F 5,12 ¼ 1.04; p ¼ 0.438). Photosystem II efficiencies were strongly reduced in P. agardhii CYA 116. After 1.3 h, PSII efficiencies dropped significantly in the 0.5 mg l À1 treatment and virtually became zero in all other treatments ( Fig. 3B ; Table 2 ). After 5 h, PSII efficiency of P. agardhii CYA 116 in the control was significantly higher than in the 0.5 mg l À1 treatment, which was higher than in the 1 mg l À1 treatment, while PSII efficiencies were zero in the 2, 4 and 8 mg l À1 treatments (Fig. 3D ). This pattern did not change after 24 h (Fig. 3F) . In P. agardhii CYA 126, PSII efficiencies were not affected by chitosan after 1.3 and 5 h exposure ( Fig. 3B, D ; Table 2 ), but after 24 h, where PSII efficiencies remained similar in the control, 0.5, 1 and 2 mg l À1 treatments, it was significantly lowered in the 4 mg l À1 treatment and became zero in the highest chitosan dose ( Fig. 3F ; Table 2 ). Although in A. cylindrica PCC 7122 PSII efficiency in the highest chitosan dose showed a tendency to be lower than in the other treatments, it was only significant after 24 h incubation (Table 2 ). In the A. cylindrica CCAP 1403/2A series PSII efficiencies in the highest chitosan dose were significantly lower at all three exposure durations (Fig. 3B,D,F ; Table 2 ). (Table 3) .
PSII efficiencies were not influenced by the acetic acid used to dissolve the chitosan, as values remained as high as in the controls in acetic acid concentrations between 0.33 mg l À1 and 5.25 mg l À1 , which is identical to the acetic acid concentrations in the chitosan treatments (Supplementary information; Fig. S1 ). A Parallel Lines Analysis revealed that the slopes of the PSII efficiencies against the acetic acid concentrations were not different (F 10,44 Fig. S1 ).
The pH values in the various chitosan treatments after 24 h were varied slightly between pH 7.34 and pH 8.17, while in the acetic acid control it varied between pH 7.57 and pH 8.83 (Supplementary information, Table S1 ).
Cell membrane permeability
The cell membrane integrity test showed clear differences between chitosan exposed C. raciborskii T3 cells and non-exposed cells (Fig. 5) . After 24 h incubation with chitosan a very bright green fluorescence was observed (Fig. 5A) . This green fluorescence indicates penetration of the dye in the C. raciborskii T3 cells, confirming membrane damage, which was also confirmed by a low PSII value (0.06) (Fig. 5A) . In the control, after 24 h only the natural red fluorescence of the cells was detected (Fig. 5B) , indicating no membrane damage which is in agreement with a high PSII value (0.53) measured.
Discussion
The results of this study are only partly in agreement with our hypothesis that cyanobacteria other than M. aeruginosa would be killed rapidly by exposure to realistic doses of chitosan as proposed for cyanobacterial nuisance control in lakes. Two of the eight strains tested, namely C. raciborskii PMC 115.02 and P. agardhii CYA 116, were affected by low doses of chitosan within 1.3 h of exposure. EC50-values were around 0.5 mg chitosan l
À1
, which is below the normal application doses of 1e2 mg chitosan l À1 used at comparable cyanobacteria blooming concentrations Pan, 2013, 2015; Pan et al., 2006a,b) . This detrimental effect of chitosan maintained throughout the exposure duration. After 5 h exposure in three other strains (A. flos-aquae CCAP 1446/1C, A. cylindrica PCC 7122 and A. cylindrica CCAP 1403/2A) also EC50s could be determined, while a sixth strain (P. agardhii CYA 126) could be added after 24 h. There were two groups distinguishable: the two very susceptible strains with EC50s around 0.5 mg chitosan l À1 and four others with EC50s around 5 mg chitosan l
. It should, however, be noted that after 24 h in the highest chitosan dose also in the two remaining strains (M. aeruginosa MIRF-01 and A. flos-aquae SAG 31.87) in which no EC50 could be determined-PSII efficiencies had dropped to 56% of the values in the controls. Hence, all strains were affected by chitosan, albeit for some strains only after 1 day at a dose of 8 mg l
. In agreement with our results, Noyma et al. (2016) and de Magalhães et al. (2016) did not observe any chitosan effect on PSII efficiencies after 1 h exposure of lake water with a M. aeruginosa bloom. Since, in the current experiment an effect became visible after 24 h, it is advisable to explore the chitosan effect under prolonged exposure. The rapid decrease in PSII efficiencies in strains P. agardhii CYA 116 and C. raciborskii PMC 115.02 and the concomitant increase in dissolved fluorescent pigments reflect cell lysis. It is well known that water soluble extracellular phycocyanin can contribute considerably to the detected fluorescence signal, which does not reflect an increase of biomass (Bastien et al., 2011) . Hence, the strong increase in the filterable chlorophyll-a that occurred without any PSII efficiency can be used as an indicator of cell leakage. In general, the release of intracellular components is an indication of membrane damage (Liu et al., 2004) . Loss of membrane integrity was confirmed by the positive staining with Sytox ® green of chitosan exposed C. raciborskii T3, but not in controls. Sytox ® green has been shown to be the most suitable dye to distinguish between live and dead cells in cyanobacteria (Tashyreva et al., 2013) . The observed effect of compromised membrane integrity by chitosan has high similarity to what has been observed in other bacteria (Liu et al., 2004) . The acetic acid used to dissolve and protonate the chitosan had no measurable influence on the cyanobacteria; both chlorophyll-a concentrations and PSII efficiencies remained unaffected. The pH was only slightly lowered at the highest chitosan doses and therewith the highest acetic acid concentrations, but stayed well within the optimal growth range with values between pH 7.21 and pH 8.83. Thus, pH effects can be excluded leaving a direct effect of chitosan as the most probable cause of the rapid leakage and cell death as observed in P. agardhii CYA 116 and C. raciborskii PMC 115.02.
When protonated in acidic medium, chitosan behaves as a typical cationic polyelectrolyte, because the protonated free amino groups of chitosan allow electrostatic interactions with the negatively charged cell wall constituents of cyanobacteria (Renault et al., 2009) . Flocculation is caused when the long chain polymers attach to cyanobacteria thereby forming bridges that subsequently can entrap particles when settling or uprising (Renault et al., 2009; Chen et al., 2014; Yang et al., 2016) . Besides being a good flocculant under certain environmental conditions e flocks were observed in all strains exposed to chitosan in our experiment e chitosan is also known for its antibacterial activity (e.g., Kong et al., 2010; Younes et al., 2014) . The mechanism behind chitosan's antibacterial activity is complex and has not been fully elucidated, as it depends on the characteristics of chitosan, such as the amount of amino groups, protonation, molecular weight; environmental factors, such as ionic strength and pH, and bacterial properties like cell surface characteristics (Kong et al., 2010; Bellich et al., 2016) . Inasmuch as we have used only one type of chitosan and environmental conditions were kept as similar as possible, most probably the variability in susceptibility to chitosan among the There is no clear pattern distinguishable in susceptibility to chitosan based on taxonomy. The least sensitive strains were a member of the order of the Chroococcales (Microcystis) and one of the Nostocales (Aphanizomenon), while the most sensitive strains belonged to the Nostocales (Cylindrospermopsis) and to the Oscillatoriales (Planktothrix). Interestingly, a second strain of the same species P. agardhii appeared much less sensitive. Both Anabaena strains were equally sensitive, which makes sense as, although obtained from two different culture collections, they originated from the same isolate. Variability in sensitivity to chitosan has also been observed in other bacteria . Although it is unclear what is the underlying mechanism causing the obvious differences in susceptibility to chitosan among the cyanobacterial strains tested, the type and degree of polymeric substances that surround most cyanobacteria as a protective barrier between the cell and the environment (De Philippis et al., 2001; Kehr and Dittmann, 2015) may play a role. Extracellular polymeric substances in M. aeruginosa have been proposed as providing cells with a protective envelope (e.g., Gao et al., 2015) that weakens upon chitosan flock storage causing membrane damage and cell leakage after some days (Pei et al., 2014) . The polysaccharide composition of the envelope as well as the amount of polysaccharide produced may differ greatly even in closely related taxa (Forni et al., 1997) . In addition, or related to the polymeric envelope, in other Gramnegative bacteria the negative charge density on the cell surface appeared a major factor in determining the susceptibility of the bacteria to chitosan (Chung et al., 2004) . The Gram-negative cell envelope is composed of a cytoplasmic membrane and an outer membrane, where the outer membrane is comprised of lipopolysaccharides and proteins (Durai et al., 2015) . These compounds are stabilised by divalent cations and either poly-protonated chitosan (at pH < pKa) or chelating chitosan (at pH > pKa) is proposed to destabilise the electrostatic interactions that keep together the outer membrane (Kong et al., 2010) . When outer membrane integrity is compromised, the cytoplasmatic membrane may be exposed to chitosan leading to destabilization, leaking and cell death (Kong et al., 2010) .
The leakage of intracellular substances is of particular relevance when this occurs rapidly during the process of flocking and settling, because then intracellularly stored toxins and odoriferous compounds may be liberated into the water column. Cell lysis might release geosmin and 2-methylisoborneol (MIB) that are one of the main causes of taste-and odour complaints to water suppliers (Journey et al., 2013; Suffet et al., 1996) . Consequently, under such circumstances chitosan might not be the preferred coagulant in an environmentally safe management strategy (Merel et al., 2013) , especially when the bloom occurs in a water storage reservoir (Jones and Orr, 1994) .
In contrast, a delayed effect in settled flocks, as has been observed by Pei et al. (2014) for chitosan flocked M. aeruginosa, can be viewed as beneficial. It is well-known that cyanobacteria may survive for prolonged periods on the sediment and that sediment in lakes and reservoirs may, for example, contain large biomass of viable Microcystis colonies (Reynolds et al., 1981; Brunberg and Bostr€ om, 1992; Latour and Giraudet, 2004) . The settled cyanobacteria, while remaining alive, may potentially serve as an inoculum to the over-standing water, or be resuspended by wave-or bioturbation actions. Hence, a rather rapid lysis of flocked and settled cyanobacteria (within a few days) will strongly reduce the possibility of recolonization of the water column, whereas the near the sediment liberated toxins can be degraded by a rich flora of decomposing bacteria (e.g., Holst et al., 2003; Grützmacher et al., 2010; Li and Pan, 2015) . Modified chitosan soil has also been successful tested together with a soil/sand to cap the flocks settled near to the sediment reducing algal resuspension as well as nutrients flux and microcystins release (Li and Pan, 2015; Pan et al., 2012) .
The sensitive P. agardhii strain CYA 116 does not produce microcystin (MCs), while the other far less sensitive strain CYA 126 produces MCs: under our culturing conditions this strain in its stock culture produces dmRR (83.0%), RR (0.3%), YR (1.2%), dmLR (15.5%) and LR (0.1%), which was determined by LC-MS/MS following the protocol as described in. Lürling and Faassen (2013) . Also the other highly susceptible strain, C. raciborskii PMC 115.02 is not a known toxin producer (Berger et al., 2006) . Hence, rapid lysis of these strains will not likely evoke an undesired condition from release of cyanotoxins. A generalisation, however, towards higher susceptibility of non-toxic strains is not warranted as Miranda et al. (forthcoming) observed higher dissolved saxitoxin concentrations when field samples dominated by C. raciborskii were exposed to chitosan and chitosan mixed with different ballast compounds. Moreover, amount and composition of extracellular polymeric substances in Microcystis was not related to the ability to produce MCs (Forni et al., 1997) . Therefore, more strains, for instance various C. raciborskii strains and various M. aeruginosa strains, should be tested on their susceptibility to relatively low concentrations of chitosan to get insight in the among strain variability and also in the potential of chitosan to rapidly liberate intracellular toxins. Based on the results of this study, when chitosan-modified flocking and sinking of cyanobacteria is considered in lake restoration, flocculation efficacy studies should be complemented with investigation of the effects of the chitosan on the cyanobacteria assemblage being targeted.
Conclusions
The organic coagulant chitosan is used as a flocculant in lake restoration, yet in a realistic low dose of 0.5 mg l À1 it caused within 1.3 h rapid cell lysis in two of eight cyanobacteria tested (C. raciborskii PMC 115.02 and P. agardhii CYA 116). Cell lysis was indicated by strong increase of filterable chlorophyll-a as detected by Phyto-PAM, but without any photosynthetic activity and confirmed by strong increase in green fluorescence of the Sytox ® Green dye in chitosan exposed C. raciborskii T3, but not in controls. After one day, six of the eight tested cyanobacteria showed clear signs of being affected by chitosan; neither the solvent acetic acid, nor slight pH differences caused the effects. Differences in sensitivity to chitosan are related to cyanobacteria specific characteristics and probably to polymeric substances that surround cyanobacteria. Rapid cell lysis in the water column is not wanted, but cell lysis in settled cells on the sediment is beneficial. In lake restoration, prior to each application, studies on the effects of chitosan on the cyanobacteria assemblage being targeted should be included. 
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